Characterization of two distinct hfq genes in Burkholderia cenocepacia HI2424 by Sellers, Samantha Sue
Southern Illinois University Carbondale
OpenSIUC
Theses Theses and Dissertations
5-1-2011
Characterization of two distinct hfq genes in
Burkholderia cenocepacia HI2424
Samantha Sue Sellers
Southern Illinois University Carbondale, elisarie@aol.com
Follow this and additional works at: http://opensiuc.lib.siu.edu/theses
This Open Access Thesis is brought to you for free and open access by the Theses and Dissertations at OpenSIUC. It has been accepted for inclusion in
Theses by an authorized administrator of OpenSIUC. For more information, please contact opensiuc@lib.siu.edu.
Recommended Citation
Sellers, Samantha Sue, "Characterization of two distinct hfq genes in Burkholderia cenocepacia HI2424" (2011). Theses. Paper 598.
  
 
CHARACTERIZATION OF TWO DISTINCT hfq GENES IN Burkholderia 
cenocepacia HI2424 
 
 
 
 
 
 
By 
 
Samantha S. Sellers 
 
Bachelor of Science in Microbiology and Cell Sciences 
 
University of Florida, 2006 
 
 
 
 
 
 
A Thesis 
 
Submitted in Partial Fulfillment of the Requirements for the  
 
Master of Science Degree 
 
 
 
 
 
 
 
 
 
 
 
Department of Microbiology 
 
Molecular Biology, Microbiology, and Biochemistry Graduate Program 
 
Southern Illinois University, Carbondale, IL 62901 
 
May 2011 
 THESIS APPROVAL 
 
 
 
 
CHARACTERIZATION OF TWO DISTINCT hfq GENES IN Burkholderia 
cenocepacia HI2424 
 
 
 
 
By 
 
Samantha S. Sellers 
 
 
 
 
A Thesis Submitted in Partial Fulfillment  
 
Of the Requirements for the Degree of  
 
Master of Science 
 
In the field of Mcrobiology 
 
 
 
 
 
Approved by: 
 
Dr. Kelly S. Bender, Chair 
 
Dr. Douglas Fix 
 
Dr. Michael T. Madigan 
 
 
 
 
 
 
Graduate School 
Southern Illinois University Carbondale 
April 6, 2011 
  
 
i 
 
AN ABSTRACT OF THE THESIS OF 
 
SAMANTHA S. SELLERS, for the Master of Science degree in MOLECULAR 
BIOLOGY, MICROBIOLOGY, and BIOCHEMISTRY, presented on April 6, 2011, 
at Southern Illinois University Carbondale.  
 
TITLE:  CHARACTERIZATION OF TWO DISTINCT hfq GENES IN Burkholderia 
                                                  cenocepacia HI2424 
 
MAJOR PROFESSOR:  Dr. Kelly S. Bender 
 
  
Species in the genus Burkholderia are found in a wide variety of 
environments ranging from plant rhizospheres to the human respiratory tract. 
Even though they have great biotechnological and bioremediative potential in 
preventing some plant diseases, promoting crop production, and degrading toxic 
compounds, some species of Burkholderia can be serious pathogens to those 
who have compromised immune systems, particularly those with Cystic Fibrosis 
(CF). Many Burkholderia species have two distinct copies of the hfq gene, a rare 
phenomenon in bacteria studied to date. As a global regulatory protein, Hfq has 
been shown to act as an RNA chaperone involved in stress responses, survival, 
and virulence in a variety of other bacteria via riboregulation. To address the 
significance of possessing two distinct Hfq proteins, sequence and expression 
analyses of the two corresponding B. cenocepacia genes were performed. RT-
PCR revealed that both hfq genes were expressed constitutively and that neither 
hfq1 nor hfq2 appear to be transcribed as part of an operon. Phylogenetic 
analysis indicated that Bc-Hfq2 clustered with Hfq proteins from other !-
Proteobacteria, while Bc-Hfq1 shared a common ancestor with the Hfq from "-
Proteobacteria. This incongruence with 16S rRNA gene phylogeny suggests that 
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the B. cenocepacia hfq1 gene may have been acquired through horizontal 
transfer.   
Further analysis of the two B.cenocepacia proteins indicated that Bc-Hfq2 
was able to partially complement an E. coli hfq mutant, while the effect of 
heterologously expressing hfq1 could not be determined. A corresponding B. 
cenocepacia hfq2 deletion strain was constructed utilizing homologous 
recombination. This mutant showed extended lag phases when grown at 37°C 
and 41°C and a slower growth rate at a pH of 5 compared to the wild type. These 
data suggest that Hfq plays an important and yet still not fully understood role in 
the stress response of Burkholderia species.   
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INTRODUCTION 
In 1950, a plant pathologist from Cornell University, Walter Burkholder, 
first described Pseudomonas cepacia as an aerobic, gram-negative, non-
fluorescent bacterium that caused sour skin of onions (Burkholder 1950). New 
isolates of P. cepacia demonstrated highly versatile and complex interactions 
such as protecting and promoting the growth of plants, degrading complex 
aromatic pollutants, as well as causing infections in humans, animals and plants 
(Parke 2001, O'Sullivan 2005). Initially, the phenotypic variation observed among 
these isolates led to a classification that listed them all as closely related 
pseudomonads. It was not until some molecular taxonomic analyses were 
performed in 1992 that several of these Pseudomonas species were placed into 
a new genus, Burkholderia (Yabuuchi 1992). The species, B. cepacia, was 
assigned as the type species for the new genus, but several years later, isolates 
were determined to have sufficient genetic differences to delineate species into 
genomovars, collectively called the Burkholderia cepacia complex (Bcc) (Coeyne 
2001, Vandamme  1997). However, by 2004, satisfactory phenotypic differences 
had been found among the genomovars to assign all ten species epithets 
(Vermis 2004) with B. cenocepacia being named in 2003 (Vandamme 2003). 
There are currently 17 members of the B. cepacia complex (Vanlaere 2009). 
In addition to causing disease in some plants, members of the Bcc can 
live as plant commensals and even prevent some plant diseases. They are 
among the highest culturable bacteria in the rhizosphere of plants, found mostly 
  
 
2 
associated with members of Gramineae such as, maize, gamagrass, and 
ryegrass (Brejda 1994, King 1996, Nacamulli 1997). Strains of Bcc can control or 
prevent a variety of fungal soilborne plant diseases including damping-off 
diseases (root rot), which have a wide host range, worldwide distribution, and are 
of ecological importance (Axelrood 1996, Burkhead 1994). These features make 
them excellent targets for biological control efforts, which would offer an 
alternative to seed treatment with harmful fungicides (El-Tarabily 2009, Bevivino 
1998). The mechanisms of biocontrol by members of the Bcc are not fully known, 
but are usually attributed to the production of antifungal compounds such as 
antibiotics and siderophores (Pierson 1998). The production of siderophores by 
Bcc may aid in biocontrol of soilborne plant pathogens by making iron less 
available to other, possibly harmful microbes (Parke 2001).  
Strains of Bcc can also promote the growth of several crops, such as 
maize, wheat, and rice, independent of the presence of fungal diseases (Bevivino 
1998, Germida 1996). Prohibiting harmful bacteria from colonizing plant roots, 
producing plant hormones, and improving the nitrogen levels available to plant 
roots have all been credited as methods for promoting plant growth in the 
absence of disease (Kloepper 1993, Tran Van 2000). Some members in the Bcc 
are capable of fixing atmospheric nitrogen; the most studied being B. 
vietnamiensis, which has been shown to boost crop production under nitrogen-
limiting conditions (Cabellero-Mellado 2004).  
Several strains of the Bcc are capable of degrading a number of 
environmental pollutants such as, benzene, biphenyl, polycyclic aromatic 
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hydrocarbons, phenol, toluene, chloroform, and naphthalene (O'Sullivan 2005), 
making them excellent tools for bioremediation. For example, B. vietnamiensis is 
one of the most efficient degraders of trichloroethylene, a common industrial 
solvent, and has been used in field trials to clean up aquifers contaminated with 
this chemical (O’Sullivan 2005). 
Possession of biocontrol and bioremediation capabilities give the Bcc 
considerable biotechnological potential; however, characteristics such as multiple 
antibiotic resistance and siderophore production are believed to contribute to the 
ability of strains of Bcc to cause human illness (Parke 2001). Over the last 
several decades, Burkholderia cenocepacia has emerged as an important 
opportunistic pathogen of the lower respiratory tract that affects 
immunocompromised individuals, particularly those with cystic fibrosis (CF) 
(Govan 1996). Cystic fibrosis is the result of a mutated gene, CFTR, which 
causes the body to produce abnormally thick, sticky mucus to build up in the 
lungs and digestive tract (Farrell 2008). CF patients with repeated Bcc lung 
infections can experience a significant decrease in respiratory function that may 
make the patient more susceptible to an acute systemic infection (Dobbin 2000). 
When established in the CF lung, these infections have the ability to decrease 
the life expectancy of the patient by up to 50% (Hutchinson 1999). Unlike 
Pseudomonas aeruginosa infections, fatal clinical decline has been reported in 
about 10% of CF patients infected with B. cepacia.  This decline is often referred 
to as cepacia syndrome (Hutchinson 1999). While any member of the Bcc 
colonizing the CF lung can be connected with a poor outcome, B. cenocepacia is 
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characterized as a severe pathogen due to its association with decreased 
survival and the increased risk for developing fatal cepacia syndrome (Jones 
2004). Data collected between 1982 and 2003 from the adult CF center in 
Manchester, England indicated that one third of patients infected with B. 
cenocepacia died within 5 years of becoming infected (Jones 2004). However, 
data collected between 1997 and 2003 from the Prague adult CF center 
indicated a little over 91% of patients positive for B. cenocepacia reached 5-year 
survival. This divergence in survival is attributed to strain differences of B. 
cenocepacia across the world (Drevinek 2005). 
While B. cenocepacia contains the majority of epidemic strains of the Bcc 
described to date, the species has been found capable of patient-to-patient 
transmission and has the ability to superinfect the CF lung with, or replace the 
slightly less pathogenic, B. multivorans (Govan 1993). Out of 1,218 CF patients 
tested in the US between 1997 and 2004, 45.6% were infected with B. 
cenocepacia. Incidence as high as 91.8% was found in CF patients in the Czech 
Republic, but only 61 CF patients were screened in the 2001 study (Drevinek 
2003). In a separate 1994 – 2000 study in Canada, 80% of the 445 CF patients 
screened were infected with B. cenocepacia (Speert 2002). Even though these 
infective strains are likely different, social events organized for CF patients have 
been connected with the spread of particular strains across continents (Govan 
1993). Although B. cenocepacia seems to prefer invasion of the CF lung, it has 
also been isolated from non-CF patients . Reik and colleagues (2005) examined 
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90 non-CF patients with Bcc infections and found the most common species 
recovered was B. cenocepacia.  
The B. cenocepacia HI2424 strain used for this study is a decedent from 
the Philadelphia-District Columbia (PHDC) epidemic strain that has been known 
to infect CF patients in the Mid-Atlantic region of the US and even in Europe; 
however, the strain was isolated from soil (Mahenthiralingam 2008, Drevinek 
2010). The strain also appears to lack a cable pilus and the Burkholderia 
epidemic strain marker present in other B. cenocepacia strains (Yoder-Himes 
2010). The genomes of all Bcc members are very large and organized into 
multiple chromosomes. The entire genome of B. cenocepacia, about 8 Mbp, is 
split into 3 separate chromosomes and a plasmid that collectively encode roughly 
7,000 genes, which is considerably more than E. coli at around 4,000 genes. 
Chromosome 1 is ~3.87 Mbps, chromosome 2 is ~3.21 Mbps, chromosome 3 is 
~875 kbps and the plasmid is around 38 kbps (Yoder-Himes 2010). This 
organization and size allow B. cenocepacia to adapt and survive in many 
different environments and certainly contributes to its ability to cause disease.  
There are several suggested and tested factors that may contribute to B. 
cenocepacia’s virulence. These include: quorum sensing, production of 
siderophores under low iron conditions, motility and adherence, antimicrobial 
resistance, and production of surface polysaccharides (Drevinek 2010). The 
expression of a capsular exopolysaccharide (EPS) in B. cenocepacia gives the 
colonies a mucoid appearance and has an essential role in chronic infection, with 
strains producing EPS causing longer infections in animal models than their 
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nonmucoid types (Zlosnik 2008). In P. aeruginosa, strains have been observed to 
convert to a mucoidal phenotype during chronic infection in the CF lung. EPS has 
also been found to scavenge reactive oxygen species, which are important to the 
defense system of the lungs (Bylund 2006). Zlosnik and colleagues (2008) found 
that expression of the mucoid phenotype could be induced in clinical isolates of 
B. cenocepacia when grown on YEM plates. Data from liquid culture has shown 
that production of EPS is induced upon entry into stationary phase in other 
Burkholderia species (Richau 2000). A protein that has been found to regulate 
both entry into stationary phase and production of EPS is the Hfq protein (Sousa 
2010). 
The Hfq protein is a pleiotropic regulator that controls expression of 
other proteins by affecting the translation, stability, or polyadenylation of mRNAs 
(Gottesman 2004). Hfq was first identified as a host factor in non-pathogenic E. 
coli that was required for initiation of plus strand synthesis by the replicase of the 
Q! RNA bacteriophage (Franze de Fernandez 1968). Since then, its role in 
bacterial function has become evident through the extensive phenotypes of hfq 
mutants in various organisms (Tsui 1994, Sittka 2008, Guisbert 2007). Hfq can 
function directly by binding with mRNA of the controlled gene and stimulating its 
translation, polyadenylation synthesis, or degradation. Indirect interactions also 
occur by stimulating the translation of mRNA for a sigma subunit of RNA 
polymerase (Majdalani 2005). The functional Hfq forms a ring of six monomers in 
which both sides have been found to bind RNA, one side preferring A-U rich 
regions and the other poly(A) tracts (Brennan, 2007). Binding to the Hfq protein 
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could aid in the removal of secondary structures in sRNA and mRNAs that would 
prevent duplex formation or Hfq might act as a platform to bring the sRNA and 
target mRNA close enough to each other to base-pair (Aiba 2007, Morita 2005). 
Antisense regulation has been well described for plasmids, phages, and 
transposons, where the antisense RNA and target RNA are encoded from the 
same chromosomal location, but in opposite directions. This provides full 
complementarity and allows base pairing to occur without an accessory protein 
(Brantl 2007). However, many sRNAs are encoded in trans, meaning their genes 
are located at different locations from those encoding their targets. This results in 
the sRNA and the target mRNA exhibiting only partial complementarity, which 
would make the presence of an RNA chaperone beneficial, and in some cases 
necessary (Darfeuille 2007). 
Phenotypic studies that have been performed on hfq deletion strains of 
several bacteria including Legionella pneumophila (McNealy 2005), Moraxella 
catarrhalis (Attia 2008), Neisseria meningitidis and N. gonorrhoeaa (Dietrich 
2009, Pannekoek 2009), Pseudomonas aeruginosa (Sonnleitner 2003) and 
Vibrio cholerae (Ding 2004) reveal that they are generally still viable but show 
longer lag phases and longer generation times. However, disruption of hfq in the 
Gram-positive bacteria, Listeria monocytogenes or Staphylococcus aureus 
produces no noticeable growth defect (Christiansen 2004, Bohn 2007). Virulence 
phenotypes of hfq mutants are notable in Brucella abortus (Robertson 1999), 
Salmonella  spp. (Karasova 2009), and V. cholerae (Ding 2004), all of which 
demonstrate high attenuation in mouse infections.  Even P. aeruginosa 
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(Sonnleitner 2003), Yersinia pestis (Geng 2009), N. meningitidis (Pannekoek 
2009), and Francisella tularensis (Meibom 2009) require hfq for full virulence. 
The hfq deletion strains often fail to handle stresses important to host 
environments like oxidative stress or low pH encountered by the intercellular 
pathogen Brucella in phagocytes (Robertson 1999). Some phenotypes give 
organisms an advantage in host cell colonization, which are negatively affected 
when the functional Hfq protein is removed as seen by lower motility and EPS 
production by P. aeruginosa and B. cepacia (Sousa 2010, E. H. Sonnleitner 
2003).  
Numerous bacteria have an Hfq or Hfq-like protein, but not all, and 
fewer have been found to have two distinct copies of an hfq gene. Sun et al 
identified the following organisms to have two copies of hfq: Bacillus anthracis, 
Magnetospirillum magnetotacticum, Novosphingobium aromaticivorans, and 
several Burkholderia species (2002). B. cenocepacia has one smaller hfq gene 
encoding a 79 amino acid protein (Bc-Hfq2) and one unusually long 192 amino 
acid Hfq protein (Bc-Hfq1). It is unclear exactly why or how these bacteria came 
to have two distinct copies of this gene or why one of them is more than twice the 
size of the other. Some organisms have been found to have an extended hfq 
gene similar in size to Hfq1 in B. cenocepacia, such as species of the family, 
Moraxellaceae, (Acinetobacter, Psychrobacter, and M. catarrhalis), which have 
hfq genes that range in length from 168 to 203 amino acids (Schilling 2000). 
Burkholderia species possess extremely diverse metabolic capabilities of 
interest for agricultural and bioremediative purposes, however their pathogenicity 
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prevents current environmental application. While research is ongoing to 
understand the remarkable coding potential of this genus, little information is 
available regarding the global regulation necessary to employ such a diverse 
lifestyle. The rare occurrence of two separate and distinct Hfq proteins may play 
an integral role in not only the metabolic capabilities but also in environmental 
stress responses and adaptation. Therefore the goals of this study were to 
determine if both hfq genes in B. cenocepacia HI2424 are expressed and the 
likely transcription patterns for both, the phylogenetic distribution of the Hfq 
proteins compared to those of other bacteria, and the phenotypic effect of 
deleting the hfq2 gene.  
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MATERIALS AND METHODS 
Bacterial strains, plasmids, and culture conditions. Bacterial strains 
and plasmids used in this study are listed in Table 1. Strains were maintained in 
Luria-Bertani (LB) broth at 37°C with orbital agitation (200 rpm). Bacterial growth 
was followed by measuring the optical density of cultures at 600nm (OD600nm) 
using a the Genesys20 ThermoSpectronic spectrophotometer (Thermo Scientific, 
Wilmington, DE). When appropriate, antibiotics were used in the following 
concentrations: 50 µg/ml chloramphenicol (Cm), 100 µg/ml ampicillin (Amp), or 
50 µg/ml kanamycin (Kan) for E. coli and, 10 µg/ml tetracycline (Tet) and 150 
#g/ml trimethoprim for B. cenocepacia. All chemicals were research grade and 
purchased from Fisher Scientific (FairLawn, NJ) unless otherwise stated. 
Nucleic acid extraction and purification. Genomic DNA was extracted 
and purified from cultures using the Wizard® Genomic DNA Purification Kit 
(Promega, Madison, WI). With the exception of 100% isopropanol and 70% 
ethanol, all reagents were provided in the kit. Cells from up to 4 ml of an 
overnight culture were harvested by centrifugation at 9,600 x g for 2.5 min. After 
the medium was decanted, the cell pellet was resuspended in 600 µl of Nuclei 
Lysis Solution and heated to 80°C for 5 min. After equilibrating to room 
temperature, 3 µl of RNase was added to the sample and then incubated at 37°C 
for 15-60 min. After the sample had reached room temperature again, 200 µl of 
the Protein Precipitation Solution was added, vortexed at high speed for 20 sec 
to mix, then incubated on ice for 5 min. The sample was then centrifuged for 3 
min at 13,000 x g. The supernatent was transferred to a new microfuge tube 
  
 
11 
containing 600 µl of 100% isopropanol. The sample was inverted several times 
until DNA strands were visible, then spun at 13,000 x g for 5 min. The 
supernatant was discarded and 600 µl of 70% ethanol was added to wash the 
DNA pellet. After inverting a few times to mix, the sample was centrifuged again 
at 13,000 x g and the DNA pellet was allowed to air dry for 10 – 20 min after 
discarding the supernatant. The genomic DNA was resuspended in 100-200 µl of 
DNA Rehydrating Solution overnight at 4°C prior to quantification and analysis.  
 
 
Table 1. Bacterial strain and plasmids used in this study. 
Strain or plasmid            Genotype or description                               Source or Reference 
Burkhholderia cenocepacia  
     HI2424                         wild type                                                            J. Teidje, Michigan State 
 
Esherichia coli 
     MC4100                       F2 araD139 $(argF-lac)U169* rspL150           Casadaban (1976) 
                                         relA1 flbB5301 fruA25 deoC1 ptsF25 e142         
     GSO81    MC4100 hfq-1::% (Cm
r
)                                     Zhang (2002) 
     Top 10™                      F– mcrA $(mrr-hsdRMS-mcrBC)                     Invitrogen 
                                         &80lacZ$M15 $lacX74 recA1 araD139  
                                         $(ara leu) 7697 galU galK rpsL (StrR) endA1  
                                         nup 
Plasmids 
     pACYC-177                 Kan
r
; cloning vector                          BioLabs      
     pACYC-177-MC          hfq from MC4100 cloned into pACYC-177       This study   
     pACYC-177-Bc2         hfq2 from B. cenocepacia cloned into               This study 
                                         pACYC-177 
     pBAD                          araC, Amp
r
, expression vector                           Invitrogen 
     pBAD-Bc1                   hfq1 from B.cenocepacia cloned into pBAD      This study    
     pLO1                           Km
r
 sacB, RP4 oniT, ColEl on                        Lenz (1994) 
     pLO1-Bc2-KO             B. cenocepacia hfq2 deletion cassette              This study 
                                         cloned into pLO1 
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Plasmid DNA was extracted from 4 ml of an overnight culture using the 
QIAprep Spin Miniprep kit. Cells were harvested in the same manner as 
described above and then resuspended in 250 µl of 4°C P1 Buffer. P2 and N3 
Buffers were added in volumes of 250 and 350 µl, respectively, with brief 
vortexing between additions to mix. The sample was centrifuged at 13,000 x g for 
10 min with the resulting supernatant transferred to a QIAprep spin column and 
spun again at the same speed for 1 min. After flow through was discarded, the 
DNA was bound to the silica gel membrane in the spin column with 500 µl PB 
buffer. The sample was spun again for 1 min at the same speed and the flow 
through discarded. The DNA sample was washed with 750 µl PE buffer and 
centrifuged again at the same speed for 1 min. After the flow through was 
discarded, the sample was spun again at the same speed and time to remove 
any residual buffers. The column was placed into a sterile microfuge collection 
tube and 30 µl of Elution Buffer was added directly to the membrane and 
incubated at room temperature for 1 min before eluting DNA at 13,000 x g. 
 All materials and chemicals that were used for RNA extraction were 
nuclease-free by autoclaving or treatment with diethyl polycarbonate (DEPC). 
RNA was extracted from 20 ml of B. cenocepacia grown to exponential phase 
(OD600nm= 0.3-0.4), stationary phase (OD600nm=0.8-1.0), and after 1 hr of heat-
shock at 43°C once exponential phase was reached. Before cells were harvested 
by centrifugation at 9,600 x g at 4°C, an ice cold RNA Stop Solution (5% 
phenol/95% ethanol) was added to a final concentration of 20% (v/v) and 
inverted a few times to mix. After removing all excess medium, the cell pellet was 
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suspended in 1 ml 4°C TRI Reagent® (Ambion, Austin, TX) by vortexing. The 
sample was incubated at room temperature for 5 min and transferred to a 
microfuge tube before being centrifuged at 13,000 x g at 4°C for 10 min. The 
supernatant was transferred to a new microfuge tube and 300 µl of chloroform 
was added. The sample was hand shaken vigorously for 15 sec then incubated 
at room temperature for 15 min. After centrifugation at 13,000 x g at 4°C for 15 
min, three distinct layers were clearly visible; a bottom pink layer, a middle hazy 
layer, and the top clear layer which contained the desired RNA. This top layer 
was transferred to another microfuge tube (taking care not to disturb either of the 
other layers) containing 500 µl of isopropanol and vortexed for 8 sec. After 
incubation at room temperature for 15 min, the sample was centrifuged for 13 
min at 13,000 x g at 4°C. The supernatant was discarded and the sample was 
washed with 1 ml of 75% ethanol, but not vortexed. After one final centrifugation 
at 8,100 x g for 5 min at room temperature, the supernatant was discarded and 
the RNA pellet was allowed to air dry for 8 min before resuspending in sterile 
DEPC H2O. RNA samples were quantified as described below. 
To remove any residual DNA, the samples were treated with the TURBO 
DNA-free™ kit (Ambion, Austin, TX). RNA (40 #g) was combined with 10 µl of 
DNase Buffer, 2 µl DNase enzyme, and sterile DEPC-H2O to reach a volume of 
43 µl. After incubating the sample in a 37°C water bath for 30 min, 2 µl more of 
the DNase enzyme was added and then incubation was continued for 30 more 
min. After incubation, 5 µl of the included Inactivating Reagent was added and 
the sample was incubated for 5 min at room temperature with frequent agitation. 
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The sample was centrifuged at 9,900 x g for 1.5 min to separate out the 
Inactivation Reagent. The top layer containing the RNA was transferred to a new 
microfuge tube for quantification and analysis.  
 Nucleic acid quantification. The NanoDrop® ND-1000 
Spectrophotometer (Thermo Scientific, Wilmington, DE) was used to quantify and 
assess quality of nucleic acid samples. The quantity of 2 ul of DNA or RNA was 
calculated using the following modified Beer-Lambert equation: nucleic acid 
concentration = (Absorbance260nm * extinction coefficient)/(path length) where the 
extinction coefficient is generally accepted as 0.05 ng-cm/µl for DNA and 0.04 
ng-cm/µl for RNA, with data normalized to a 1.0 cm path as described in the 
manual. Purity was assessed by determining the ratio of sample absorbance 
from 260 to 280 nm and from 260 to 230 nm. DNA samples with 260/280 ratios 
of 1.7 – 2.0 and 260/230 ratios of 1.8 – 2.2 were considered ‘pure’ and ready for 
analysis. RNA samples with 260/280 ratios of 1.9 – 2.2 and 260/230 ratios of 1.8 
– 2.2 were considered ‘pure’ and ready for analysis. If the ratios did not fall within 
this range, the nucleic acid sample was subjected to precipitation with 3 M 
sodium acetate.  
 Precipitation of nucleic acids. One tenth the sample volume of 3 M 
sodium acetate was added to the sample followed by one volume 100% 
isopropanol. The sample was inverted until strands were visible then centrifuged 
at 13,000 x g for 5 min. The supernatant was discarded and the nucleic acid 
pellet was washed with 600 µl 70% ethanol. After spinning again under the same 
conditions, the supernatant was discarded and the pellet was allowed to air dry 
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for 10 – 20 min. The nucleic acid was then rehydrated in nuclease-free double 
distilled water (Fisher Scientific) and quantified again.  
 
Polymerase chain reaction (PCR). DNA was amplified by PCR using an 
Eppendorf Mastercycler® gradient thermocylcer (Thermo Scientific, Wilmington, 
DE). The following were combined for each PCR reaction when using Go Taq® 
polymerase (Promega, Madison, WI) at 0.3 µl: 5X Green Go Taq® Flexi Buffer 
(10 µl), 25 mM magnesium chloride (3 µl), 10 mM of each dNTP (1 µl), 
dimethylsulfoxide-DMSO (3 µl), 10 µM of each primer (1 µl), template DNA at 45-
700 ng (1 µl), and nuclease-free ddH2O to a total volume of 50 µl. Cycling 
conditions are listed in Table 2. When blunt-ended PCR products were needed 
for cloning, the following components were used per reaction: Pfu plolymerase 
(provided by J. Davie, SIUC) (1 µl), 10X Pfu Buffer (200 mM Tris-HCl pH 8.8, 20 
mM MgSO4, 100 mM KCl, 100 mM (NH4)SO4, 1% Triton X-100, 1 mg/mL 
nuclease-free BSA) (5 #l), 10 mM of each dNTP (1 µl), DMSO (2 µl), 10 µM of 
each primer (1µl), template DNA at 45-700 ng (1 µl), and nuclease-free ddH2O to 
a total volume of 50 µl. Cycling conditions for Pfu are also listed in Table 2. Once 
cycling was complete, reactions were run on agarose gels by electrophoresis for 
visualization of DNA. 
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                                   Table 2. Primers used in this study. 
Primer Name Sequence 
Ann. 
Temp 
EC-hfq-up163-F-BamHI CTTGGATCCTTCACTGGCTTGACAGTGAAAAACCAGAAC 
Ec-hfq-R-PstI GCAATCTGCAGTTATTCGGTTTCTTCGCTGTC 
57.1°C 
BcenoHfq2-203up-BamHI CTTGGATCCACCGGGACTCCATTGCGCATAG 
Bceno-Hfq2-238R-PstI AATACTGCAGTTAGGACGAGGCTTCCGCGTC 
60.4°C 
2ceno hfq2 KO-1 Xbal GCGCTCTAGAGTCGACTTCGAACGTAACGGCAAGAAATAC  
2ceno hfq2 KO-2 CGTTCCACTGAGCGTCAGACGTTGATCTGGATTGGCGACG 
59.0°C 
2ceno hfq2 KO-3  CTTGAACGTGTGGCCTAAGCCGGCATCCGGTCGCCGCGAG 
2ceno hfq2 KO-4 Xbal  ATATCTAGAACACCAGCACCTGTCGGATCGTGTCCGCGCC 
61.2°C 
DHF ceno2/pMLBAD  CGTCGCCAATCCAGATCAACGTCTGACGCTCAGTGGAACG 
DHR ceno2/pMLBAD  ATCGGGTGTCAAGATAAGGCGCTTAGGCCACACGTTCAAG 
63.0°C 
Burk-Hfq1-ATG-F ATGGCCAATCCCGCAGAATCC 
BurkHfq1.orf+11R GCCCTTTTGTCTTACTGGCCGTCC 
Burk-hfq1-184R CGCACGCTTGTAGATGCCTTGCAGA 
Burk-hfq2.F ACCCGTTTTTGAACGCACTGCG 
Burk-hfq2.R CTTCCGCGTCCGGGTGGAAATT 
Bcen1533-598F ACCGAGTTCATTGCGAACCTGTACCT 
Bcen1534-929F AGATCATCCGCAACGAGACGTTCA 
Bcen1806-286R TGTTAAGTGCCTGCTCCAGATTGCGT 
Bcen1805-343R CTGGCCTTCCTGCACGACGAA 
Bcen1804-257R AGCAGGTCATGCTTGTCTTCGGTT 
Bcen1803-117R CCGCTCGGCTATTCTACGAAACGTG 
Bcen1802-389R CCGTAGATTTCGGCGCCGATCTGG 
Bcen1808-946F ACCCGCAAGCTGAAATTCCTCGACTT  
55.0°C 
*Restriction cut sites are underlined 
 
                            Table 3. PCR cycling parameters. 
Temperature Time 
Step 
Taq Pfu Taq Pfu 
Cycles 
Initial Denaturation 95°C 98° 1min 45sec 1 
Denaturation 95°C 98° 1min 45sec 
Annealing see Table 2 1min 45sec 
Extension 72°C 72°C 2min 2min 
30 
Final extension 72°C 72°C 10min 10min 1 
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 Agarose gel electrophoresis. Low electroendosmosis agarose gels were 
used to separate and visualize DNA. For DNA fragments between 150 and 900 
bp, a 2% (wt/vol) gel was used and for larger fragments a 0.7% gel was used. 
Agarose was melted in 1X TAE buffer (50X TAE per liter: 242 g Tris base, 57.1 
ml glacial acetic acid, 100 ml 0.5 M EDTA, pH 8) for 2 – 4.5 min in a standard 
microwave. Ethidium bromide (3 µl) was added to molten agarose then poured 
into a casting tray with combs. Once solidified, the tray and gel were placed into 
a horizontal gel electrophoresis rig (Owl Separation Systems, Portsmouth, NH) 
with the sample wells nearest the anode. The comb was removed and the 
chamber was filled with 1X TAE buffer. DNA samples amplified with Pfu were 
mixed with 2 µl 6X Blue/Orange Loading Dye (Promega, Madison, WI) before 
loading onto the gel. DNA ladders (Promega) were included for size verification; 
100 bp for 2.0% and 1 kb for 0.7% gels. Samples were electrophoresed for 60-90 
min at 95 volts. DNA bands were visualized using a short wave transilluminator in 
the casting tray, which provided protection against DNA damage.  
 DNA purification from agarose gel. If a DNA fragment amplified via 
PCR was to be used for cloning, the DNA of interest was size verified and the 
corresponding band was excised from the gel using a sterile razor blade and 
placed into a clean microfuge tube. The Qiagen QIAquick Gel Extraction kit 
(Qiagen, Germantown, MD) was used to purify DNA from the gel. QG buffer 
(three volumes compared to weight) was added to the sample and the gel was 
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dissolved in a 50°C water bath for 10 min with frequent agitation. One volume of 
100% isopropanol  (not included in kit) was added, and then the sample was 
allowed to incubate at room temperature for another 10 min. Up to 800 µl of 
sample was added to the included QIAquick spin column and the sample was 
spun at 13,000 x g for 1 min. After the flow through was discarded, 500 µl of QG 
buffer was added and the sample was centrifuged again under the same 
conditions. Flow through was discarded and 750 µl of PE buffer was added and 
the column was spun again. After the flow through was discarded, the samples 
were centrifuged again to remove any residual buffers. The spin column was 
placed into clean a microfuge tube and 30 µl of 50°C nuclease-free H2O was 
added directly to the membrane and incubated for 1 min before being eluted at 
13,000 x g for 1 min. The column was discarded and the DNA sample was 
quantified as outlined above.   
 Plasmid construction. To construct pACYC177-MC (map located in 
appendix I), primers Ec-hfq-up163-F-BamHI and Ec-hfq-R-PstI with BamHI and 
PstI cut sites located at their 5’ ends (see Table 3 for sequences) respectively, 
were used to PCR amplify the E. coli MC4100 hfq gene and 164bp of upstream 
DNA using Pfu polymerase. After the amplified DNA was verified to be the 
expected size of 473 bp, the DNA was excised and purified as outlined above. 
One microgram of pACYC-177 plasmid DNA and 0.3 µg of the purified DNA 
fragment were double digested with 1 µl each of restriction enzymes BamHI and 
PstI (Fermentas International, Glen Burnie, MD) combined with 2 µl 10X Fast 
Digest buffer in a total volume of 20 µl. The reaction was carried out in a 37°C 
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water bath for 30 min followed by heat inactivation of the enzymes at 80°C for 5 
min. Digested samples were mixed with loading dye and electrophoresed on a 
0.7% agarose gel. The pACYC-177 plasmid was cut into two pieces, 2,571 bp 
and 920 bp fragments. The larger fragment containing the desired Kanr selection 
marker and replication determinants was excised along with the digested 
MC4100 hfq fragment. MC4100 hfq was ligated into the pACYC-177 fragment 
with T4 DNA ligase. The reaction contained three times the amount of insert (hfq) 
compared to vector (pACYC-177), 2 µl ligase buffer, 1 µl ligase (Fermentas), and 
nuclease free water to a volume of 20 µl. The reaction was carried out at room 
temperature overnight. To construct pACYC-177-Bc2 (plasmid map located in 
appendix II), the Burkholderia hfq2 gene and 238 bp of upstream DNA was PCR 
amplified using the primers Bceno-Hfq2-203up-BamHI and Bceno-Hfq2-238R-
PstI. The 441 bp product was electrophoresed, excised, purified, digested and 
ligated into pACYC-177 following the protocol outlined for pACYC-177-MC. The 
resulting ligations were then transformed into GSO81 host cells while the control 
pACYC-177 vector was transformed into MC4100 host cells.  
 To make pBAD-Bc1 (plasmid map located in appendix III), primers Burk-
Hfq1-ATG-F and Burk-Hfq1-orf-11R (Table 3) were used to PCR amplify the B. 
cenocepacia hfq1 gene with Taq polymerase. After agarose gel electrophoresis, 
excision, and purification, the hfq1 fragment was cloned into the pBAD 
expression vector using ligation reagents included in the pBAD TOPO® TA 
Expressoin Kit (Invitrogen, Madison, WI). Taq polymerase produces products 
with overhanging deoxyadenosine residues that ligate to overhanging 
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deoxythymine residues in the linearized pBAD vector just downstream of the 
araBAD promoter (PBAD). The ligation reaction included: 4 µl of PCR product 
(~200 ng), 1 µl of Salt Solution, and 1 µl of pBAD vector (~10 ng) and was 
incubated at room temperature for 30 min then stored overnight at room 
temperature before transforming into Top 10™ host cells.  
To make the pLO1-Bc2-KO plasmid (plasmid map located in appendix IV), 
a 2,249 bp DNA cassette was constructed by fusing three PCR products 
amplified with Pfu polymerase: 1) 828 bp upstream of hfq2 in B. cenocepacia 
(primers 2ceno hfq2 KO-1 XbaI/2ceno hfq2 KO-2); 2) the DHFrII ORF plus 411 
bp upstream (primers DHF 2ceno/pMLBAD / DHR 2ceno/pMLBAD) to include the 
native promoter using pMLBAD as the template; and 3) 980 bp downstream of 
hfq2 in B. cenocepacia (primers 2ceno hfq2 KO-3/2ceno hfq2 KO-4 XbaI).     
For the initial fusion reaction, 100 ng of each purified product was added 
to a PCR mixture as described above, except that no primers were added. This 
initial fusion mixture was cycled using the following parameters: 95°C for 30 sec, 
60°C for 1 min, and 72°C for 3.5 min. This cycle was repeated a total of 5 times 
before 10 µM of primers 2ceno hfq2 KO-1 XbaI and 2ceno hfq2 KO-4 XbaI were 
added to the reaction. The same cycling parameters were repeated 30 more 
times followed by a final extension at 72°C for 8 min. The resulting reaction was 
electrophoresed on an agarose gel to verify the correct size and then was 
purified as described above. One microgram of pLO1 plasmid DNA and 0.3 µg of 
the purified DNA fragment were digested with 1 µl of the XbaI restriction enzyme 
(Fermentas International, Glen Burnie, MD) combined with 2 µl 10X Fast Digest 
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buffer in a total volume of 20 µl. The reaction was carried out in a 37°C water 
bath for 5 min followed by heat inactivation of the enzymes at 65°C for 5 min. 
Digested samples were mixed with loading dye and electrophoresed on a 0.7% 
agarose gel. Both fragments were excised and purified. The Bc-hfq2 deletion 
cassette was ligated into the linearized pLO1 fragment with T4 DNA ligase. The 
reaction contained three times the amount of the cassette compared to vector 
(pLO1), 2 µl ligase buffer, 1 µl ligase, and nuclease free water to a volume of 20 
µl. The reaction was carried out at room temperature overnight. The resulting 
ligation was transformed into DH5' E. coli cells. 
 Transformations. Ligations were transformed into chemically competent 
Top 10™, MC4100, DH5' or GSO81 E. coli cells via the following procedure. 
After 50 µl of competent cells had thawed on ice, 4 µl of the desired ligation 
reaction was added and then gently stirred with a pipette tip. The transformation 
reactions were incubated on ice for 10 min before being heat-shocked at 42°C for 
30 sec. The reactions were immediately put back on ice before 900 µl of Super 
Optimal Broth (SOC-per 250 ml: 5 g Bactotryptone, 1.25 g yeast extract, 0.125 g 
NaCl, 2.5 ml 250 mM KCl, 0.9 g glucose, pH 7) was added. The cells were 
allowed to recover and express specified antibiotic resistance for selection of 
transformants by shaking horizontally at 37°C for 1 h. For pACYC-177 and pBAD 
ligations the selection markers were Kanr and Ampr, respectively. After recovery, 
the cells were plated on LB containing the appropriate selection antibiotic and 
resulting colonies were screened for desired insert by PCR.   
Reverse Transcription. For detection of messenger RNA (mRNA), RNA 
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was reverse transcribed into DNA using a reverse transcriptase (RT) enzyme. 
One microgram of DNase treated RNA was combined with 1 µl of a 3’ end primer 
(10 µM) that base-paired to the mRNA in question. This sample was brought to a 
total volume of 11.8 µl with DEPC H2O before being incubated at 70°C for 5 min 
in the Eppendorf thermocycler mentioned earlier. After incubation, the sample 
was set on ice and the following components were added: 4 µl 5X Buffer, 1 µl RT 
enzyme (Promega, Madison, WI), 1.2 µl of 25 mM MgCl2 (Promega), 5µl of each 
dNTP at 10 mM, and 0.5 µl Ribolock (Fermentas International, Glen Burnie, MD). 
The samples were put back into the thermocylcer and subjected to the following 
cycling parameters: 25°C for 5 min, 42°C for 1 h, 70°C for 15 min, and 4°C for 
storage. Once the program was finished and RNA had been copied to DNA, 5 µl 
of these samples were used as the starting template for PCR reactions using the 
same 3’ end primer and the desired 5’ end primer with same reagent 
concentrations as described earlier. Cycling conditions for amplifying cDNA were: 
95°C for 2 min; followed by 30 cycles consisting of 94°C for 30 sec, 55°C for 30 
sec, 72°C for 1 min; and ending with a 72°C extension for 5 min. Once 
amplification was complete, DNA was electrophoresed on agarose gels for 
visualization as described earlier.  
Complementation of an E. coli hfq mutant and B. cenocepacia hfq1 
expression analysis. E. coli strain MC4100 with pACYC-177 and E. coli GSO81 
with pACYC-177, pACYC-177-MC, or pACYC-177-Bc2 were inoculated into LB 
broth with the appropriate antibiotics at a 1:1000 dilution. The absorbance of 
each culture was measured (as described above) with the timezero value recorded 
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before incubation at 37 or 43°C with orbital shaking (200 rpm). The absorbance 
was checked at various time points over 48 h, recorded, and graphed. E. coli Top 
10™ with and without pBAD-Bc1 was inoculated into LB with appropriate 
antibiotics at a 1:1000 dilution in a final volume of 4 ml. The cultures were 
incubated at 37°C with orbital shaking (200 rpm) until the OD600nm = 0.3, then the 
cultures were separated in half and designated as ‘induced’ and ‘un-induced’. To 
induce the production of the B. cenocepacia hfq1 from pBAD-Bc1, 20 µl of a 20% 
L-arabinose solution (Invitrogen, Madison, WI) was added to the ‘induced’ 
cultures to a final arabinose concentration of 0.2% (v/v). The optical densities 
were immediately recorded and then incubation was continued. Absorbance was 
measured and recorded every 30 min for a total of 8 h. 
Generation of B. cenocepacia !hfq2 deletion mutant. The pLO1-Bc2-
KO plasmid was electroporated into electrocompetent B. cenocepacia cells. To 
make B. cenocepacia electrocompetent, an overnight culture was diluted to 
OD600nm= 0.01 in 50 ml Super Optimal Broth (for 200 ml: 4 g tryptone, 1 g yeast 
exract, 0.4 ml of 5 M NaCl, 0.5 ml of 1 M KCl2, 2 ml of 1 M MgCl2, 2 ml 1 M 
MgSO4) supplemented with 0.8% glycine and incubated at 37°C with aeration 
until OD600nm= 0.5. The culture was incubated on ice for 5 min before the cells 
were pelleted at 5,000 x g for 8 min at 4°C. The cell pellet was washed twice with 
ice-cold 0.5 M sucrose and then suspended in 0.5 ml 0.5 M sucrose with 10% 
glycerol. Twenty micrograms of pLO1-Bc2-KO were added to 55 µl of electro-
competent B. cenocepacia cells and electroporated in 2 cm cuvettes with the 
BTX Harvard Apparatus ECM 630 ElectroCell Manipulator (Holliston, MA) set to 
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2,500V, 25µF and 600%. Immediately after electroporation, 950 µl of Super 
Optimal Culture broth (above listed SOB recipe with the addition of 2 ml of 1 M 
glucose) was added and then the sample was allowed to sit on ice for 5 min. The 
sample was then incubated in a 37°C H2O bath to prevent agitation for 10 h. 
Samples were then plated on LB with 150 µg/ml trimethoprim. DNA extracted 
from a resulting colony was subjected to sequence analysis to ensure the DHFrII 
ORF had successfully replaced the hfq2 ORF (sequence located in appendix V. 
Phenotypic analysis of B. cenocepacia hfq2 deletion mutant. 
Overnight cultures of the mutant and wild type strains were inoculated into 
neutral and acidic (pH= 5, buffered with 50 mM phosphate buffer) LB broth with 
the appropriate antibiotics at a 1:1000 dilution. The absorbance of each culture 
was measured (as described above) with the timezero value recorded before 
incubation at 37 or 41°C with orbital shaking (200 rpm). The absorbance was 
checked at various time points over 48 h, recorded and graphed. 
Sequence analysis. Amino acid sequences of Hfq proteins from a variety 
of groups within the Bacteria were obtained from Microbesonline.org  (Dehal 
2009) or NCBI (accession numbers listed in Table 4) and entered into Se Al 
v2.0a11 (A. Rambaut, Se-Al: sequence alignment editor; 
http://tree.bio.ed.ac.uk/software/seal). Sequences were then exported in FASTA 
format to CLUSTALW (Thompson 1994) for both alignment and construction of 
an unrooted Neighbor-Joining phylogenetic tree using the default parameters. 
Bootstrap analysis using a 1000 replicates was also performed to determine 
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node confidence levels. Taxa labels were edited in Adobe Illustrator to make the 
tree more legible. 
 
        Table 4. Accession numbers for Hfq protein sequences. 
Organism 
Accession 
number     
VIMSS# 
Burkholderia cenocepacia HI2424 Hfq1 1891682 
Burkholderia cenocepacia HI2424 Hfq2 1891957 
Burkholderia mallei Hfq1 736165 
Burkholderia mallei Hfq2 736218 
Burkholderia ambifaria Hfq1 1917458 
Burkholderia ambifaria Hfq2 1917788 
Burkholderia multivorans Hfq1 7115738 
Burkholderia multivorans Hfq2 7115994 
Moraxella catarrhalis* ADG61173.1 
Escherichia coli 18197 
Klebsiella pneumoniae 5736727 
Pseudomonas aeruginosa 61391 
Acinetobacter sp ADP-1 589745 
Moorella thermoacetica 1112062 
Desulfotomaculum acetoxidans 7457573 
Thermoanaerobacter ethanolicus 6947928 
Clostridium acetobutylicum 119457 
Bacillus subtilis 38271 
Listeria monocytogenes 157519 
Magnetospirillum magnetotacticum 2250510 
Caulobacter crescentus 98563 
Mesorhizobium loti 83005 
Rhodospirillum rubrum 1144165 
Novosphingobium aromaticivorans 1262889 
Sphingopyxis alaskensis 1836059 
Zymomonas mobilis 957123 
Geobacter sulfurreducens 382300 
Desulfuromonas acetoxidans 2319511 
Aquifex aeolicus 24380 
Hydrogenobacter thermophilus 10376149 
                      *Sequence obtained from NCBI 
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RESULTS 
The two distinct hfq genes of B. cenocepacia. Like all species in the 
Burkholderia cepacia complex, Burkholderia cenocepacia contains two distinct 
copies of an Hfq encoding gene in its genome with differing DNA sequences and 
lengths (Sun et al 2002). Genome analysis indicated that hfq1 (Bcen2424_1531) 
is located on chromosome 1 on the reverse strand at coordinates 1693208-
1693786 and encodes a 192 amino acid protein, while hfq2 (Bcen2424_1807) is 
also on chromosome 1 on the reverse strand located at coordinates 2008450-
2008689 and encodes a 79 amino acid protein.  Similar to the hfq genome locus 
of E. coli (Fig 1A), the B. cenocepacia hfq2 is located upstream of the hflXKC 
locus which encodes a GTP-binding protein and integral membrane proteins 
involved in the lysis-lysogeny decision of bacteriophage lambda (Kihara et al 
2001) (Fig. 1B).  However, the gene upstream of the B. cenocepacia hfq2 is 
annotated as a small GTP-binding protein, engA, instead of the miaA gene 
(encoding tRNA delta(2)-isopentenylpyrophosphate transferase). Comparisons to 
E. coli could not be performed for the B. cenocepacia hfq1 gene. This ORF is 
located between two genes encoding putative proteins specific to Burkholderia 
species and in the opposite orientation (Fig 1C). 
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Figure 1.  Genetic organization of hfq gene loci. A) E. coli (coordinates 4397275-
4402327), B) B. cenocepacia hfq2, and C) B. cenocepacia hfq1. The following 
genes have been annotated as follows: Bcen2424_1528- membrane protein; 
Bcen2424_1529- (54 dependent transcriptional regulator; Bcen2424_1530, 
Bcen2424_1532 and Bcen2424_1533- hypothetical proteins. 
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BLAST analysis (Altschul et al 1997) of the two proteins indicated that the 
B. cenocepacia Hfq1 sequence was 43% identical to the Sideroxydans 
lithotrophicus Hfq and 37% identical to the E. coli Hfq at the amino acid level, 
while the B. cenocepacia Hfq2 sequence was 91% identical to the Cupriavidus 
taiwanensis Hfq and 73% identical to the E. coli Hfq (Fig. 2). Alignment of the 
above Hfq amino acid sequences along with abnormally large Hfq proteins from 
Acinetobacter and Moraxella revealed significant conservation of Hfq typical core 
motifs, Sm1 and Sm2 (grey boxes in Fig. 2). Analysis of the glycine rich C-
terminus extension of Hfq1 revealed a repetitive motif of REPREGYG occurring 
three times (outlined in Fig. 2). A repeating motif of a different sequence is also 
present in the glycine rich C-terminus extension of the Acinetobacter sp ADP-1 
Hfq, but only shares 32% total amino acid identity with the longer Hfq1 sequence 
of B. cenocepacia.    
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Figure 2. Alignment of the B. cenocepacia Hfq1 and Hfq2 proteins with other 
Hfq-like proteins. First shaded box correlates to Sm1 motif and second shaded 
box correlates to Sm2 motif. Outline boxes surround identified repeats. Asterisk 
(*) mark conserved amino acids, while colons (:) and periods (.) mark conserved 
or semi-conserved substitutions, respectively. Taxa abbreviations are as follows: 
S.litho - Sideroxydans lithotrophicus, M.cat - Moraxella catarrhalis, B. ceno - B. 
cenocepacia HI2424, C.taiw - Cupriavidus tiawanensis, D.aromat -
Dechloromonas aromatica, and Acineto - Acinetobacter sp. ADP-1. 
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Hfq gene expression. Because the presence of a gene alone does not 
indicate expression and the fact that there are two distinct copies of hfq in the 
Burkholderia genome, RT-PCR was used to verify expression of both hfq1 and 
hfq2. To determine if these two genes were transcribed under the same or 
different conditions, total RNA from cells in exponential phase at 37ºC and those 
exposed to stress for one hour after reaching exponential phase was used as a 
template. Stresses included: heat-shock (43°C), osmotic pressure (3.5% NaCl), 
and membrane integrity (5.0% Et-OH).  The resulting RT-PCR data indicated that 
both hfq1 and hfq2 are expressed under all conditions tested (Fig. 3).  Due to the 
qualitative nature of regular RT-PCR, the level of expression under each 
condition could not be determined.  Control reactions containing RNA, but no 
reverse-transcriptase verified that the RNA samples were not contaminated with 
DNA.  The resulting products from both the hfq1 and hfq2 RT-PCR were also 
sequenced to verify that the primers did not cross react (sequences in 
appendices VI and VII, respectively). 
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Figure 3. Expression of B. cenocepacia hfq genes. RT-PCR was used to detect 
hfq1 (lanes 2-10) and hfq2 (lanes 11-19) expression using primer sets Burk-
Hfq1-ATG-F/Burk-hfq1-184R and Burk-hfq2.F/Burk-hfq2.R which yield products 
of 184 and 201 bp in length, respectively. Conditions from which the template 
RNA was extracted are 37°C (lanes 2, 3, 11, 12), 43°C (lanes 4, 5, 13, 14), 3.5% 
NaCl (lanes 6, 7, 15, 16), and 5.0% Et-OH (lanes 8, 9, 17, 18). Lanes 3, 5, 7, 9, 
12, 14, 16, and 18 are negative controls in which no reverse transcriptase was 
added with the same template RNA and primer sets as the preceding sample. 
Genomic DNA from B. cenocepacia was used as a template for positive controls 
in lanes 10 and 19. Lane 1 contained a 100 bp DNA marker. 
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To determine if hfq1 is co-transcribed with Bcen2424_1534 or 
Bcen2424_1533 as part of an operon, RT-PCR was performed using RNA 
extracted during exponential phase with primer sets spanning flanking genes: 
Bcen1534-929F/Burk-hfq1-184R and Bcen1533-598F/Burk-hfq1-184R. While 
PCR products were obtained using gDNA as a positive control, no amplicons 
were produced from the RNA for either primer set, therefore suggesting that hfq1 
is not co-transcribed with either gene (Fig. 4A). To determine if hfq2 is co-
transcribed as part of an operon with engA or hflXKC, RT-PCR was performed 
using RNA extracted during exponential phase with primer sets: Bcen1808-
946F/Bceno-hfq2R, Bceno-hfqF/Bcen1806-286R, Bceno-hfq2F/Bcen1805-343R, 
and Bceno-hfq2F/Bcen1804-257R. No products were obtained using RNA as a 
template for all primer sets tested, thus suggesting that hfq2 is not transcribed 
with any of the genes tested (Fig. 4B and C). 
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Figure 4. Transcription of the hfq loci. Lane 1- 1 kb DNA ladder, Lanes 2 and 5- 
positive control using genomic B. cenocepacia DNA, Lanes 3 and 6- RNA test 
sample, Lane 4- negative control with no template. A) Co-transcription of hfq1 
with contiguous genes. Lanes 2-4 utilized primer set Bcen1533-598F/Burk-hfq1-
184R, which produces a 1109 bp product as represented by line (b). Lanes 5 – 7 
utilized primer set Bcen1534-929F/Burk-hfq1-184R, which produces a 2562 bp 
product as represented by line (a). B) Co-transcription of hfq2 with contiguous 
genes. Lanes 2 – 4 utilized primer set Burk-hfq2.F/Bcen1806-286R, which 
produces a 544 bp product represented by line (d). Lanes 5 – 7 utilized primer 
set Bcen1808-946F/Burk-hfq2.R, which produces a 762 bp product represented 
by line (c). C) Co-transcription of hfq2 with neighboring genes. Lanes 2 – 4 
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utilized primer set Burk-hfq2.F/Bcen1805-343R, which produces a 1845 bp 
product represented by line (e). Lanes 5 – 7 utilized primer set Burk-
hfq2.F/Bcen1804-257R, which produces a 3164 bp product represented by line 
(f). 
 
E. coli hfq mutant complementation. Both Burkholderia Hfq proteins 
differ in length with the E.coli Hfq, but regions of homology exist (Fig. 2). To 
determine if B. cenocepacia hfq2 could complement an E. coli hfq mutant strain, 
GSO81, the B. cenocepacia hfq2 gene plus 203 bp upstream was PCR amplified 
and cloned into the low copy number cloning vector pACYC-177, creating 
pACYC-177-Bc2. As a positive control, the hfq gene from wild type E. coli along 
with 163 bp upstream was PCR amplified and cloned into pACYC-177. Upstream 
regions for both genes were included to allow for expression of the 
B.cenocepacia hfq2 and E. coli hfq genes from their native promoters after 
transformation into E.coli GSO81. Empty pACYC-177 plasmid was also 
introduced into E. coli GSO81 and MC4100 to determine if its presence alone 
had an effect on cell growth. Results of RT-PCR performed on RNA extracted 
during exponential and stationary phases of growth from GSO81 containing 
pACYC-177-Bc2 showed that B. cenocepacia hfq2 was indeed expressed during 
both phases (Fig. 5).  
The phenotypic analysis indicated that mutation of hfq in E. coli results in 
an increased lag-time and slower growth rate than the wild type during both 37ºC 
and 42ºC growth (Fig. 6). The higher temperature of 42°C had a more drastic 
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negative effect on GSO81 growth producing a longer lag time and slower growth 
rate than GSO81 grown at 37°C. Complementation of the GSO81 with the wild 
type E. coli hfq resulted in complete recovery of wild type phenotype at both 
temperatures tested. Complementation of GSO81 with the B. cenocepacia hfq2 
at 37°C slightly reduced its lag time and increased the growth rate enough to 
provide partial recovery of the wild type phenotype (Fig. 6A).  The long lag time 
of GSO81 observed when growing at 42°C was eliminated by heterologous 
expression of B. cenocepacia hfq2 and the wild type phenotype was fully 
recovered (Fig. 6B). No significant affect on MC4100 growth was observed by 
the addition of empty pACYC-177 under either temperature tested. However, the 
presence of pACYC-177 appeared to positively affect the growth of GSO81 by 
increasing growth rate and decreasing lag time at both 37°C and 42°C, but not to 
the same extent as heterologous expression of B. cenocepacia hfq2. 
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Figure 5. Heterologous expression of B. cenocepacia hfq2 in GSO81. RT-PCR 
was performed using primer set Burk-hfq2.F/Burk-hfq2.R to produce a product of 
201 bp in length from RNA extracted from GSO81 harboring pACYC-177-Bc2. 1) 
100 bp DNA ladder, 2) RNA from exponential phase, 3) no reverse transcriptase 
negative control/RNA from exponential phase, 4) RNA from stationary phase, 5) 
no reverse transcriptase negative control/RNA from stationary phase, 6) PCR 
positive control with gDNA, and 7) PCR negative control with no template.  
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Figure 6.  Complementation of an E. coli hfq mutant with B. cenocepacia Hfq2. 
Growth of wild type E. coli (MC4100) and hfq mutant (GSO81) strains harboring 
plasmid controls (pACYC-177) and plasmid encoded E. coli hfq (pACYC-177 Mc 
hfq) and B. cenocepacia hfq2 (pACYC-177 Bc hfq2). Graphs represent three 
separate growth curves of triplicate cultures grown in LB medium supplemented 
with appropriate antibiotics with aeration at A) 37°C and B) 42°C.  
 
Controlled expression of B. cenocepacia in E. coli Top10. Many 
attempts were made to clone the B. cenocepacia hfq1 into pACYC-177 to 
determine if the 193 amino acid product could complement the hfq deficient E. 
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coli GSO81, but none were successful in producing E.coli transformants. To 
determine if the cause was due to B. cenocepacia’s Hfq1 having a negative 
effect on E. coli, the ORF was PCR amplified and cloned into the expression 
vector pBAD. This placed hfq1 expression under control of the araB promotor 
(PBAD), which induces expression with the addition of L-arabinose. The pBAD-
Bchfq1 construct was then transformed into E. coli Top10. Overnight cultures 
were diluted 1:1000 in LB medium with the appropriate antibiotics and incubated 
at 37°C with aeration. After reaching OD600nm= 0.3 (about three hours of growth), 
the cultures were spilt (marked by arrow in Fig. 7) and L-arabinose was added to 
a final concentration of 0.2%. Approximately 90 min after the addition of L-
arabinose, expression of B. cenocepacia hfq1 resulted in stationary phase entry 
at a slightly lower optical density than the non-induced culture (Fig. 7). To ensure 
that this difference was not due to the presence of the pBAD plasmid or the 
addition of L-arabinose, the control pBAD plasmid containing lacZ under the 
control of PBAD was transformed into E. coli Top10 and the experiment was 
repeated. This analysis indicated that neither the presence of the pBAD plasmid 
nor L-arabinose had any observable impact on the growth of E. coli Top10 (Fig. 
7). 
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Figure 7. Controlled expression of B. cenocepacia hfq1 in E. coli Top10. 
Overnight cultures were diluted 1:1000 in LB medium (in triplicate) with 
appropriate antibiotics and grown to an OD600nm= 0.3 at 37°C with shaking at 200 
rpm. The cultures were then split and L-arabinose was added to one set of 
cultures (marked with an arrow) to a final concentration of 0.2%. Graphs 
represent data collected from three separate trials: A) Growth of E. coli Top10 
expressing B. cenocepaica hfq1 ORF from the pBAD expression vector; and B) 
Growth of E. coli Top10 expressing the control lacZ ORF from the pBAD 
expression vector.  
 
 
Construction of a B. cenocepacia hfq2 deletion mutant. To determine 
the role the two Hfq proteins have on the phenotype of B. cenocepacia, deletion 
constructs for both hfq1 and hfq2 were synthesized. While no transformants were 
obtained using the hfq1 deletion construct, homologous recombination was used 
to create a deletion mutant in which the hfq2 ORF was replaced with the DHFrII 
ORF (encodes trimethoprim resistance). The hfq2 knockout cassette was 
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constructed by fusing three PCR amplified fragments. The final DNA product 
contained 828 bp upstream and 980 bp downstream of the B. cenocepacia hfq2 
gene separated by a 680 bp fragment containing the DHFrII ORF and promoter 
(443 bp upstream) (Fig. 8A). The knockout cassette was cloned into the suicide 
vector pLO1 and introduced into B. cenocepacia via electroporation. A 
trimethoprim resistant colony was selected for further analysis and PCR targeting 
the DHFrII gene and DNA upstream and downstream of the deletion cassette 
using primer sets Bceno_KO-hfq2-1/DHFrII.205R and DHFrII.24F/Bceno1806-
1211R verified successful replacement of the hfq ORF with the DHFrII gene (Fig. 
8B). If a single recombination event had occurred, the pLO1 plasmid would have 
inserted into the hfq locus preventing the correct size product from forming. To 
ensure the hfq2 knock out cassette had only affected the presence of the hfq2 
gene, the same colony was PCR screened for the presence of hfq1 and absence 
of hfq2. The results from this analysis indicated that while the colony still 
contained hfq1, hfq2 had successfully been deleted (Fig. 9). 
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Figure 8. Verification of B. cenocepacia hfq2 deletion. A) Chromosomal 
replacement of the hfq2 ORF with the DHFrII gene. Knockout cassette is shown 
at the top ligated into pLO1. Horizontal arrows represent the rest of the circular B. 
cenocepacia chromosome 1. Location of crossover events are represented by 
large black ‘x’s. B) PCR verification of hfq2 deletion. Lane 1: 1 kb DNA ladder; 
Lane 2: primers Bceno_KO-hfq2-1/DHFrII.205R (corresponding to dashed line a 
        1              2           3                            4           5 
B 
A 
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in top panel) and Bc-!hfq2 gDNA yielding a 1413 bp product; Lane 3: negative 
control for primers Bceno_KO-hfq2-1/DHFrII.205R (no template); Lane 4: primers 
DHFrII.24F/Bceno1806-1211R (corresponding to dashed line b in top panel) and 
Bc-!hfq2 gDNA yielding a 1342 bp product, and Lane 5: negative control for 
primers DHFrII.24F/Bceno1806-1211R (no template). 
  
 
 
 
 
 
 
 
Figure 9. PCR verification of hfq1 presence and hfq2 absence. 1) 100 bp DNA 
ladder. Lanes 2-4: primers Burk-hfq2.F/Burk-hfq2.R to detect hfq2, which yields a 
product 201 bp in length. Templates: 2) B. cenocepacia !hfq gDNA, 3) B. 
cenocepacia gDNA, 4) negative control – no template. Lanes 5-7: primers Hfq1-
ATG-F/Burk-hfq1-184R to detect hfq1, which yields a product of 184 bp in length. 
Templates: 5) B. cenocepacia !hfq gDNA, 6) B. cenocepacia gDNA, 7) negative 
control – no template. 
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Phenotypic analysis of B. cenocepacia hfq2 deletion mutant. To 
determine if Hfq is important to B. cenocepacia growth, both wild type and !hfq2 
strains of B. cenocepacia were grown in LB medium at 37°C. The !hfq2 strain 
exhibited a slightly longer lag phase but maintained a growth rate similar to the 
wild type strain (Fig. 10A). Also, to examine if the Hfq protein is important in the 
stress response of B. cenocepacia to heat-shock and acidic pH, wild type and 
!hfq2 strains were grown in LB medium and incubated at 41°C or in LB with a 
pH of 5 and incubated at 37°C. While the wild type strain was not affected by the 
acidic pH, exposure to 41°C resulted in a much slower growth rate and longer lag 
phase compared to standard conditions (37ºC, pH 7) (Fig. 10B). Growth 
comparisons of the !hfq strain under heat-shock (41ºC) and acidic (pH 5) 
conditions indicated an ~8 h extended lag phase and slower growth rate when 
compared to mutant growth at 37ºC (Fig. 10B). A decreased final cell density, 
71.8% of the wild type, was also exhibited by the !hfq strain under heatshock 
conditions after 29 hours of growth (Fig. 10B).  
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Figure 10. Phenotypic analysis of !hfq2 B. cenocepacia. Triplicate cultures of 
wild type and !hfq strains were grown in LB medium with appropriate antibiotics 
at 37°C (A), 41°C (B), and at pH 5 at 37°C (C). The optical density of each 
culture was measured at 600 nm over the course of time.  
 
Phylogenetic analysis of Hfq amino acid sequences. Since the two hfq 
genes contained in most Burkholderia species differ greatly in size and 
sequence, it was of interest to determine if the phylogeny of the proteins tracked 
that of the 16S rRNA gene. Amino acid sequences obtained from 
MicrobesOnline.org (Dehal 2009) were used to construct the unrooted 
phylogenetic tree in Figure 11. The topology of this tree indicated that Hfq 
proteins generally form clades that coincide with the phylogenetic affiliation of the 
host bacterium.  This is illustrated by the Hfq2 in Burkholderia forming a clade 
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with Hfq proteins found in other !-Proteobacteria. The same was found for Hfq 
proteins of the "-Proteobacteria, #-Proteobacteria, Aquificales, and Firmicutes. 
On the other hand, the longer Hfq1 found in Burkholderia cepacia complex 
species formed a clade outside of the !-Proteobateria and the branch lengths 
within this clade varied among species. Nodes within this clade were supported 
by >75% bootstrap values (Fig. 11- see Appendices for specific values). Based 
on tree topology, the Burkholderia Hfq1 clade appeared to branch off from a 
common ancestor to the two Hfq proteins that have been identified in "-
Proteobacteria. 
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Figure 11. Unrooted Neighbor-Joining phylogenetic tree of Hfq amino acid sequences. Amino acid sequences for Hfq 
were obtained from MicrobesOnline.org and exported to ClustalW for multiple alignments, tree drawing, and bootstrapping 
(1000 replicates) using standard parameters. Distinct groups that formed were: !-Proteobateria (teal), "-Proteobacteria 
(purple), #-Proteobateria (red), $-Proteobacteria (orange), Gram positive organisms- all of which are Firmicutes (green), 
and Aquificales (blue). Nodes with bootstrap values above 75% are indicated by filled circles, while values of 75-50% are 
indicated by open circles. The scale bar represents 0.1 amino acid substitutions per site. 
. 
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DISCUSSION 
The Hfq protein has been described as a global regulatory protein that 
functions as an RNA chaperone involved in posttranscriptional gene regulation 
by facilitating RNA-RNA interactions that allow bacterial cells to respond to 
environmental stresses (Gottesman 2005, Guillier 2006, Majdalani 2005). 
Burkholderia species are among the few prokaryotes that possess two distinct 
copies of Sm-like Hfq proteins, along with Bacillus anthracis, Magnetospirillum 
magnetotacticum, and Novoshpingobium aromaticivorans (Sun 2002, Ramos 
2011). This study reports the sequence and expression analysis of the two hfq 
genes of Burkholderia cenocepacia strain HI2424 as well as a brief phenotypic 
analysis of a corresponding hfq2 mutant.  Comparisons to results published 
during the completion of this project on the closely related B. cepacia strain 
IST408 (Sousa 2010) and B. cenocepacia strain J2315 (Ramos 2011) are also 
presented. 
The E. coli Hfq protein has been extensively studied and the 
corresponding gene is located in a locus containing the superoperon mutL-miaA-
hfq-hflX-hflK-hflC in which all adjacent genes are co-transcribed (Tsui 1994) and 
multiple promoters control the expression of the hfq (Tsui 1996). The 
organization of the hfq2 locus in B. cenocepacia HI2424 is similar in that hfq2 is 
located downstream of the hfl gene cluster, while engA (encoding a small GTP-
binding protein) is found upstream instead of miaA (Fig. 5). Reverse transcription 
experiments performed here indicate that unlike hfq in E. coli, hfq2 of B. 
cenocepacia HI2424 is transcribed as a single monocistronic mRNA separately 
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from the contiguous engA and hfl genes (Fig. 8). This finding is supported by 
recent analysis of the homologous hfq in B. cepacia strain IST408 (Sousa 2010), 
which possesses 100% sequence identity to the HI2424 Hfq2 at the amino acid 
level. Further analysis is needed to determine if more than one promoter is 
involved in controlling expression. Because of differences in loci organization of 
B. cenocepacia HI2424 hfq1 and E. coli hfq, no direct comparison could be 
made. However, the expression analysis performed here and the orientation of 
neighboring genes both indicate that hfq1 is not transcribed as part of an operon 
(Fig. 8). This conclusion is also supported by results reported for the homologous 
hfq1 gene in B. cenocepacia strain J2315 (Ramos 2011). 
 Comparative analysis of the two Hfq proteins with microorganisms outside 
of the genus Burkholderia indicated that Bc-Hfq1 shares 43% sequence identity 
with the 76 amino acid homolog in Sideroxydans lithotrophicus, while Bc-Hfq2 
shares 91% sequence identity to the 79 amino acid homolog found in 
Cupriavidus taiwanensis, a member of the Burkholderiaceae family. However, 
there are no studies to date characterizing either of these Hfq proteins. 
The multiple alignment of Hfq amino acid sequences including Bc-Hfq1 and Bc-
Hfq2 revealed a high level of conservation at the N-terminus, but considerable 
variation at the C-terminus (Fig. 6). The N-terminus of Hfq (inclusive of the first 
70 amino acids) is considered the functional portion responsible for RNA binding 
and protein-protein interactions and contains the Sm1 and Sm2 motifs which fold 
into a domain consisting of an !-helix followed by a five stranded "-sheet (Urlaub 
2001, Kamback 1999). This N-terminal conservation suggests that both Bc-Hfq1 
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and Bc-Hfq2 are capable of binding sRNAs, and recent binding experiments with 
purified homologs from B. cenocepacia strain J2315 support this assumption 
(Ramos 2011).  
The lack of similarity of the extended Bc-Hfq1 C-terminus to other Hfq 
proteins is not surprising. The C-terminus end of the Hfq protein in E.coli has 
been found to not have a significant role in sRNA-mRNA interactions 
(Sonnleitner 2004, Shuamacher 2002), nor is the C-terminus end of the Hfq 
protein found in Acinetobacter baylyi necessary for unstressed cell survival 
(Schilling 2009). Hfqs extended at the C-terminus end have been described 
previously for Acinetobacter, Moraxella, and Psychrobacter (Schilling 2009, Attia 
2008, Vaneechoutte 2006). Like in the long Hfq proteins described in Moraxella 
and Acinetobacter (Attia 2008 and Schilling 2009), the extended C-terminus end 
of the Bc-Hfq1 protein contains a few tandem repeats. These tandem repeats are 
likely responsible for the recent finding that Hfq1 of B. cenocepacia strain J2315 
forms dimers versus the normal hexamers that occur for other Hfq proteins 
(Ramos 2011). Genetic rearrangement in these repeat regions could result in 
altered proteins and thus altered phenotypes, allowing for increased versatility 
during stress conditions (Rocha 2002). Burkholderia is listed as one of the few 
genera of organisms with the largest numbers of longer simple sequence repeats 
and the absence of phylogeny correlations suggest that these repeats can 
spread relatively rapidly through a genome during evolution (Mrazek 2007). This 
event could have happened fairly recently, as the genome analysis of B. 
cenocepacia J2315, performed by Holden and colleagues (2009), suggested that 
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the organism has recently evolved to adapt to survival in the human host. This 
conclusion was reached by noting its genome is equipped with genes associated 
with virulence in the CF lung, allowing it to survive adverse conditions including 
oxidative stress and acid tolerance associated with survival within macrophages. 
 Since B. cenocepacia HI2424 has two distinct copies of an Hfq encoding 
protein, we wanted to determine if both were expressed under the same 
conditions or if each Hfq protein was responsible for different stress responses. 
Even though our results indicate that both hfq1 and hfq2 genes are transcribed 
during standard growth conditions (37°C), heat-shock, osmotic pressure, and 
membrane integrity, the data do not define levels of gene expression or protein 
concentration. Recent results from Ramos et al. (2011) indicate that in addition to 
a common role for each hfq gene in B. cenocepacia J2315, the individual genes 
might play additional roles corresponding to specific stresses and that the 
specificity may be derived from the differences in the C-termini of the two Hfq 
proteins. Further testing is needed to determine if the same is true for the two Hfq 
proteins found in B. cenocepacia HI2424, but it is likely that the Hfq1 protein is 
required more for thermal and oxidative stress and the Hfq2 protein regulates 
genes more associated with acidic and osmotic stresses in B. cenocepacia 
HI2424, just as was found to be true for B. cenocepacia J2315 (Sousa et al 
2011). 
Hfq proteins from several organisms, such as Acinetobacter baylyi, 
Salmonella typhimurium, and Psuedomonas aeruginosa, has been shown to fully 
complement the deficient phenotype of the E. coli hfq mutant under a variety of 
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conditions (Schilling 2009, Sittka 2007, and Sonnleitner 2002). The shorter Hfq2 
of B. cenocepacia HI2424 shares enough function and sequence identity to the 
Hfq found in E. coli, 73%, to partially complement an hfq deficient strain grown at 
37°C and fully complement at the heat-shock temperature of 42°C (Fig. 10). This 
difference in complementation could be due to the variation in expression levels 
of B. cenocepacia hfq2 under stress versus standard conditions (37ºC growth), or 
to the structural differences resulting from the distinct amino acid sequences. 
However, the smaller Hfq protein from the closely related organism, B. cepaica 
IST408, was shown to complement GSO81 to full wild type phenotype when 
tested under standard conditions and a variety of stresses including oxidative, 
osmotic, heat-shock and membrane integrity (Sousa 2010). This slight 
discrepancy at 37ºC for the two smaller Burkholderia Hfq proteins may be due to 
the differing vectors or promoters used for heterologous expression.  
Sousa and colleagues (2010) recently found the extended Hfq protein of 
B. cenocepacia J2315 is also able to complement the E. coli hfq mutant during 
heat-shock, acidic pH, and osmotic pressure, but we were unable to synthesize 
transformants of GSO81 containing the B. cenocepacia HI2424 hfq1 ORF. As an 
alternative, we overproduced Bc-Hfq1 in E. coli Top10 cells to verify that the 
extended C-terminus was not toxic to E. coli. This overexpression resulted in a 
slight negative effect on cell growth (Fig. 11), which may have been caused by 
introducing a foreign Hfq protein into a cell that already has a functioning native 
Hfq protein. This may have led to functional interference or an imbalance in 
cellular Hfq concentrations, which resulted in decreased growth rate. The 
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importance of controlling intracellular Hfq concentration has been shown in 
several bacteria, including Acinetobacter baylyi, where overexpression led to an 
inability of the cells to assemble into chains (Schilling 2009).  
 The Hfq protein has been shown to play an important role in stress 
tolerance in several other bacteria including the pathogens Salmonella 
typhimurium, Brucella abortus and Pseudomonas aeruginosa. (Sittka 2007, 
Robertson 1999, and Sonnleitner 2002). Hfq-deficient mutants of listed 
organisms resulted in all exhibiting longer lag phases and lower growth rates 
when compared to wild types. Although it was shown here that Hfq2 is important 
for initiating growth of B. cenocepacia at 37°C, the !hfq2 strain did not exhibit an 
altered growth rate nor was final cell density affected (Fig. 14A). The extensive 
lag phase and decreased growth rate exhibited by the !hfq2 strain during 41ºC 
growth suggests that Hfq2 is important for initial stress response under heat-
shock conditions (Fig. 14B).  While the final cell density for !hfq2 was similar to 
the wild type during 41ºC growth, this may have been due to the longer Hfq1 
compensating for the absence of Hfq2. 
Tolerance to low pH is important in the virulence of B. cenocepacia in the 
CF lung. The mutation in the cystic fibrosis transmembrane conductance 
regulator (CFTR) protein causes a sodium efflux to compensate for the 
accumulation of H+ in the lumen of the trans-Golgi network, which produces 
hyper-acidification inside epithelial cells of the CF lung (Pochet 2001). Also, 
macrophages have been shown to become acidic in response to an intracellular 
bacterial invader. Here it was shown that Hfq2 in B. cenocepacia H12424 is very 
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important for growth under acidic conditions. Whereas wild type B. cenocepacia 
showed no negative effect in an acidic condition and  the !hfq2 strain exhibited 
an extensive lag phase and a retarded final cell density (Fig. 14C). This suggests 
the Hfq2 protein may play a role in the ability of B. cenocepacia to survive as an 
intracellular pathogen inside epithelial cells of the CF lung or during the attack of 
macrophages.  
Because no significant homology could be found for the extended Hfq1 of 
B. cenocepacia HI2424 and the limited number of bacteria with two separate hfq 
coding genes, Ramos and colleagues (2011) suggested the second longer Hfq 
protein of all Burkholderia species arose from duplication of an ancestral gene 
followed by a series of evolutionary events that led to the two distinct proteins. In 
the phylogenetic tree constructed from the alignment in this thesis (Fig. 15), the 
Hfq1 in the four Burkholderia species appeared more closely related to the Hfq 
proteins found in !-Proteobacteria. In congruence with the 16S rRNA phylogeny, 
the Hfq2 proteins of Burkholderia appear to share a common ancestor with other 
"-Proteobacteria.  This suggests the two Hfq proteins found in Burkholderia 
species arose from different ancestral genes or were acquired by horizontal gene 
transfer. This discrepancy with 16S rRNA gene phylogeny may also be a result of 
the tandem repeats in the extended C-terminus, which could have resulted from 
hfq2 gene duplication and subsequent addition to the 3’ end of the gene. 
However, identification of more Hfq protein sequences closely related to the 
Burkholderia Hfq1 is necessary for further conclusions to be drawn. 
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This thesis represents an initial analysis of the two distinct hfq genes in 
the pathogen B. cenocepacia HI2424. A deletion mutant of hfq1 as well as 
complementation strains are necessary to determine the role each of these 
corresponding proteins has on the stress response of B. cenocepacia HI2424.  
Quantitative expression analysis under various conditions is also critical to 
understanding the regulatory role of each protein.  Finally, protein tagging and 
pull down experiments would allow for identification of individual Hfq- associated 
sRNAs, thus providing further information regarding post-transcriptional 
regulation in this diverse bacterium. 
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APPENDICES 
 
I. Plasmid map of pACYC-177-MC 
                      
 
 
II. Plasmid map of pACYC-177-Bc2 
  
 
 
 
    
 
 
 
 
 
                         
pACYC177-MC 
3044bp 
pACYC-177-Bc2 
3012 bp 
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III. Plasmid map of pBAD-Bc1 
   
 
 
 
 
      
 
        
 
 
 
IV. Plasmid map of pLO1-Bc2-KO 
                      
 
pBAD-Bc1 
4716 bp 
pLO1-Bc2-KO 
9549 bp 
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V. Sequence of B. cenocepacia hfq2 knockout mutant location 2009522-2007449 
on the reverse strand of chromosome 1: 
GCGCTCTAGAGTCGACTTCGAACGTAACGGCAAGAAATACACGCTGATCGA
CACGGCCGGCCTGCGCCGCCGCGGCAAGGTGTTCGAGGCGATCGAGAAG
TTCTCGGTCGTGAAGACGCTGCAGTCGATCTCCGACGCGAACGTCGTCATT
CTTCTGCTGGATGCGCAGCAGGACATTTCCGACCAGGACGCACACATCGCC
GGCTTCGTCGTCGAGCAGGGCCGCGCGCTCGTGATCGGCGTCAACAAATG
GGACGGTCTCGACGACCACGCGCGCGACCGCGCGAAAGCGGATTTGACCC
GCAAGCTGAAATTCCTCGACTTCGCGAAATCGCACTTCATTTCGGCCGCGA
AGAAGACGGGCATCGGCGCGCTGATGCGCTCGGTCGACGACGCGTACGC
GGCCGCGATGGCGAAGCTGCCGACGCCGAAGCTCACGCGCGCGCTGATC
GAGGCCGTCGAGTTCCAGCAGCCGCGCCGTCGCGGCCCGGTGCGTCCGA
AGCTGCGCTATGCGCACCAGGGCGGCCAGAATCCGCCGATCATCGTGATC
CACGGCAACGCGCTCGACGCGGTGACGGAAACGTACAAGCGTTACCTCGA
AAACCGATTCCGCGAAACTTTCTCGCTGACCGGGACTCCATTGCGCATAGA
GTTCCGTTCGTCGAACAACCCGTACGCGGACAAGGGCTGAAGCACGCCCC
GCAAGGCATCGGCCCCATGGCCAGTGGCCGGGCGGGGCAGGCAAAATCA
GCTATAGTGTAGCGATTGGCGCCGGATCTCTTTTTCTTCGTCGCCAATCCAG
ATCAACGTCTGACGCTCAGTGGAACGAAATCGATGAGCTCGCACGAACCCA
GTTGACATAAGCCTGTTCGGTTCGTAAACTGTAATGCAAGTAGCGTATGCGC
TCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGC
AGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGTACAGTCTAGCCTC
GGGCATCCAAGCTAGCTAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTT
ATGGAACAGCAACGATGTTACGCAGCAGGGTAGTCGCCCTAAAACAAAGTT
AGGCAGCCGTTGTGCTGGTGCTTTCTAGTAGTTGTTGTGGGGTAGGCAGTC
AGAGCTCGATTTGCTTGTCGCCATAATAGATTCACAAGAAGGATTCGACATG
GGTCAAAGTAGCGATGAAGCCAACGCTCCCGTTGCAGGGCAGTTTGCGCTT
CCCCTGAGTGCCACCTTTGGCTTAGGGGATCGCGTACGCAAGAAATCTGGT
GCCGCTTGGCAGGGTCAAGTCGTCGGTTGGTATTGCACAAAACTCACTCCT
GAAGGCTATGCGGTCGAGTCCGAATCCCACCCAGGCTCAGTGCAAATTTAT
CCTGTGGCTGCACTTGAACGTGTGGCCTAAGCGCCTTATCTTGACACCCGA
TAATTTGATCAACGCAGCGCTCGTCGGCATCGATTTCGGCAAGACCGATTTC
GAAGCCAGTCTCGAAGAACTCAGTCTTCTCGCCTCCAGCGCGGGGGCCCG
TCCCGCCGTCACCCTCACCGGTCGTCGCGCCAGTCCCGATGCCAAGATGTT
CATCGGCAGCGGCAAAGCCGAAGAATTGCGGCTTGCCTGCGACGCGCACA
ACGTCGAAATCGTCATCTTCAACCACGCGTTGGCGCCCGCCCAGCAACGCA
ATCTGGAGCAGGCACTTAACAGGCGCGTGGTCGATCGCACGAGCCTCATC
CTCGACATTTTCGCGCAGCGTGCCCGCAGCCACGAAGGCAAGCTGCAGGT
CGAGCTCGCACAGCTTCAATACCTGTCGACCCGGCTCATTCGCGCGTGGAC
CCACCTCGAGCGGCAAAAGGGCGGTATCGGCCTGCGCGGCCCCGGCGAA
ACCCAGCTCGAAACCGACCGTCGGCTGATCGGCGAACGCATCAAGATGCT
GAAGTCGCGGCTCGATCGGCTGCGCCGCCAGCACAGCACGCAGCGCCGG
CAGCGCGCGCGCAGCGGCACGATGTCGGTGTCGCTCGTCGGCTATACGAA
CGCGGGCAAGTCGACGCTGTTCAATGCGCTGACGAAAGCGCAGGCGTACG
CGGCCGACCAGCTGTTCGCCACGCTCGATACGACGTCGCGGCGCGTGTAT
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CTCGGCGACGAGGTTGGTCAGATCGTGGTGTCCGATACGGTCGGGTTCAT
CCGCGAGCTGCCTCACCAGCTCGTCGCGGCGTTCCGCGCGACCCTCGAGG
AAACGATCCATGCGGATCTGTTGCTGCACGTGGTCGATGCGTCGAGCGCG
GTCAGGCTCGAGCAGATCGAGCAGGTCAACGGCGTGCTGCACGAGATCGG
CGCGGACACGATCC-GACAGGTGCTGGTGTTATTCTAGA 
 
VI. Sequence of RT-PCR product for hfq1: 
ATGGCCAATCCCGCAGAATCCCATCCGCAAAACGACTTCATCAATTCGGCG
CGCAAGGAACGTAAGCGTGTTGAAATCTATCTCGTCAACGGCATTCGTCTG
ACGGGGTGTATCGAGTCGTTCGACCAGTATCTGGTGATGCTGCGCACCCCC
GTGGGTCTGCAAGGCATCTACAAGCGTGCGATTTCCACGATCCAGCTCGAC
ACGGGCGGCTCGCGCCCCGGCGGCGGCGGCCCCCGCGGCCCGCGCACC
GGTGGTCGCCCCGGCGGCCGTGAAGGCGGCGGTCACAGCCCGTACGGCT
CGCACGGCGGCCCGCGCGAATCGCGCGGCGACGGCGGCTACGGCTCCCG
CGAGCCGCGTGAAGGGTACGGTTCGCGTGAACCGCGCGAGGGTTACGGCT
CACGTGAGCCGCGCGAAGGCTACGGCGCCCCCCGCGAGCCGCGTGAACC
GCGCGAAAGCTACGGCGCGCCGCGCGACACCGGCGACGCATCCGGCAAC
GTCGCACCGTCGGATTCCCGCGGCGGCAACGGGCCGGTCATCGTGACGC
GCCGCCGGCGAATCGTGCCGGACGGCCAGTAA 
 
VII. Sequence of RT-PCR product for hfq2 
ATGAGCAACAAAGGGCAATTGTTACAAGACCCGTTTTTGAACGCACTGCGC
AAAGAGCACGTTCCCGTTTCGATCTACCTCGTCAACGGCATCAAGCTTCAA
GGGAACATTGAATCGTTCGACCAGTACGTCGTGTTGCTCCGTAATACGGTG
ACCCAGATGGTTTACAAGCACGCCATCTCGACGGTCGTGCCGGCGCGCCC
GGTGAATTTCCACCCGGACGCGGAAGCCTCGTCCTAA 
 
VIII. Bootstrap values 
Taxa: 
1) Burkholderia cenocepacia Hfq1 18) Clostridium acetobutylicum 
2) Burkholderia ambifaria Hfq1  19) Thermoanaerobacter ethanolicus 
3) Burkholderia multivorans Hfq1  20) Desulfotomaculum acetoxidans 
4) Burkholderia mallei Hfq1  21) Moorella thermoacetica 
5) Hydrogenobacter thermophilus  22) Acinetobacter 
6) Aquifex aeolicus    23) Pseudomonas aeruginosa 
7) Desulfuromonas acetoxidans  24) Klebsiella pneumoniae 
8) Geobacter sulfurreducens  25) Escherichia coli 
9) Zymomonas mobilis   26) Moraxella catarrhalis 
10) Sphingopyxis alaskensis  27) Dechloromonas aromatica 
11) Novosphingobium aromaticivorans 28) Rhodoferax ferrireducens 
12) Rhodospirillum rubrum   29) Acidovorax avenae 
13) Mesorhizobium loti   30) Burkholderia cenocepacia Hfq2 
14) Caulobacter crescentus  31) Burkholderia ambifaria Hfq2 
15) Magnetospirillum magnetotacticum 32) Burkholderia multivorans Hfq2 
16) Listeria monocytogenes  33) Burkholderia mallei Hfq2 
17) Bacillus subtilis 
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Bootstrap values from 1000 replicates for each node (numbers indicate taxa): 
 
1 to 2: 1000     19 to 20: 548 
3 to 1/2: 1000    18 to 19/20: 427 
4 to 1/2/3: 1000    21 to 18/19/20: 389 
1/2/3/4 to 7/8: 510    16/17/18/19/20/21 node: 633 
5 to 6: 1000     22 node: 1000 
7 to 8: 1000     23 to 24/25: 720 
5/6 to 1/2/3/4/7/8: 430   24 to 25: 911 
9 to 10: 700     23/24/25 node: 606 
11 to 12: 419     26 node: 403 
13 to 14/15: 641    27 node: 472 
14 to 15: 627     28 to 29: 934 
9/10/11/12/13/14/15 node: 987  30/31/32/33 node: 985 
16 to 17: 521 
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